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Abstract 
The production of special interior contoured tools made of cemented carbide is a time- and cost-intensive multistage sintering process. An 
alternative for economic, flexible and automated production is provided by a laser-based, additive manufacturing Selective Laser Melting 
process (SLM). In a shortened process chain near-net-shape and special interior contoured tools can be manufactured energy- and resource-
efficiently in small batch sizes. An increase of the tool life is achieved by the use of wear resistant and tough cemented carbide material. This 
paper focusses on the process behavior of the agglomerated and pre-sintered tungsten carbide-cobalt (WC-Co) powder material in the SLM 
process. Depending on the exposure parameters, various types of micro structures can be generated and the original material profile can be 
significantly changed during the laser material interaction. 
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1. Introduction 
The manufacturing of inner contoured special tools using 
carbides is a time- and cost-intensive multistage process. After 
the carbide has been directly pressed into a disk, a complex 
multistage cutting process is applied in order to achieve the 
required geometric complexity. The integration of cooling 
channels in conventional production leads to great difficulties 
because it involves high initial costs and is only achievable to 
a limited extent on a large scale. Nowadays, there is an 
increasing demand for individual products. Companies 
therefore require manufacturing technologies which are 
customizable and allow for the production of an increasing 
product range. One technology which meets the required 
criteria is Selective Laser Melting. In a shortened process 
chain, near-net-shape and inner contoured special tools can be 
manufactured in batches, thus saving energy and resources. 
Furthermore, there is a significant reduction in the 
conventional preparatory work as well as production stages. 
An increase in the freedom of design as well as the degree of 
innovation and efficiency in production can be achieved. 
Selective Laser Melting is based on a remelting process in 
which the compaction of the material is determined only by 
the flow and wetting behavior of the melt [1]. In order to 
avoid undesired consequences such as material defects such as 
pores and cracks, delamination, component warping, 
uncontrolled changes of chemical and physical component 
properties, the exposure parameters (Figure 1) must be 
optimized, taking into account their mutual interactions. 
The intensity of the laser beam and the specific material 
parameters determine the absorbed optical energy during the 
laser material processing. This energy is available as process 
heat in the material for further phase transformation 
processes [2]. 
Figure 2 shows a schematic representation of the three 
phases in the SLM process. The coupled laser energy 
primarily leads to local melting of the powder material. 
However, the powder grains in the outer area of the beam 
absorb less energy than the grains in the beam center. Below 
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the melting pool, the already solidified material layers and 
powder grains in the border areas of the laser beam are merely 
heated. In the center of the Gaussian laser beam, where the 
highest intensity is present, evaporation temperature of the 
material is however exceeded and pronounced spatter 
formation takes place. Compressive and reaction forces are 
thereby caused through the flowing steam [3, 4], which casts 
out the melting partially from the molten pool and causes 
spatter activity. This phenomenon is indeed typical for SLM, 
but is tolerated only in the context of robust processes and in 
the attainment of high-quality components. An excessively 
strong spatter formation affects the stability of the melting and 
can be an indication of a non-optimal energy input. 
 
 
Fig. 1. Schematic illustration of exposure parameters and volume energy 
density EV in SLM process 
A robust and reliable processing of carbide materials using 
SLM therefore requires an in-depth interaction analysis of the 
influence factors and of the physical and chemical result 
quantities. The phenomenon of evaporation is to be taken into 
account, as this causes a change in the chemical composition 
of the processed tungsten carbide material [5]. 
 
 
Fig. 2. Phase fractions in the interaction zone during beam melting 
The first researches on the laser sintering of tungsten 
carbide-cobalt were carried out at the University of Leuven in 
Belgium since the beginning of the current century. Mixed 
and mechanically alloyed WC-Co-powder were used which 
had been processed with low laser sintering typical volume 
energy densities. Generative built components indicated 
hereby a relative density ρrel of 40%, therefore had to be 
redensified through time-consuming post-processes, mostly 
through infiltration, sintering, or hot isostatic pressing. 
[6, 7, 8, 9] 
Based on the initial investigation, a thesis has been 
established that a complete dense sintering of WC-Co powder 
cannot be obtained in the laser sintering process. Therefore an 
approach was pursued at the University of Utah by means of 
laser sintering in order to generate a microstructure with open 
pores and subsequently closing them through infiltration with 
low-melting bronze. After the parameter optimization, 63% of 
the relative density ρrel of additive manufactured components 
could be achieved. A subsequent infiltration of the 
components with bronze led to final relative density of 96%. 
[10] 
Although it was possible to achieve a significant reduction 
in the porosity through subsequent infiltration within the 
scope of the mentioned research projects, the mechanical 
material properties were classified as deficient, so that 
ultimately no industrial use could follow [6, 7, 8, 9, 10]. 
A significant breakthrough in the single-stage compression 
of the agglomerated and (before) sintered WC-Co powder 
using beam melting was achieved at research institutes of the 
Fraunhofer IPT in Aachen, Fraunhofer IPK in Berlin, IWB in 
Munich and BIAS in Bremen. A relative density to 98% could 
be increased by parametric studies [5, 11, 12, 13]. 
 
 
Fig. 3. In previous research projects achieved density of parts depending on 
laser power PL and scan speed vs 
All project-investigated factor levels of laser power PL and 
scanning speed Vs are summarized and presented In Figure 3. 
It is clear that so far no optimal process parameters for the 
beam melting of WC-Co were found and thus the 
qualification phase of WC-Co has not yet been completed. In 
the sub-optimal process window (100 ... 200 W and 20 ... 100 
mm/s) densities of 95 ... 98% were indeed achieved, however 
all manufactured components more or less indicated 
pronounced cracks. With rising energy input, the crack 
tendency in addition to the relative density increased resulting 
in delamination of components [5, 12]. 
The aim of this study is to investigate the process behavior 
of WC-Co material considering the evaporation effect in SLM 
process. The primary objective is to understand the interaction 
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between different factors influencing the SLM process by 
using appropriate quality tools. 
Nomenclature 
df      focus diameter, μm 
EV      volume energy density, J/mm3 
fz      focus position, mm 
hs      scan line spacing, mm 
HV     Vickers hardness, 1 
I      laser beam intensity, W/cm2 
lSV      scan vector length, mm 
lz       layer thickness, mm 
PL      laser power, W 
Rz     average surface roughness, μm 
vs       scan speed, mm/s 
VR      volume rate, mm3/s 
ρrel       relative density, % 
2. Experimental procedures 
The initial point for this study was determined by both 
transfer of results from previous investigations on laser 
melting of carbide [5] and by boundary conditions of the 
SLM 250HL machinery. Furthermore, the economics of the 
process were considered, striving to achieve the highest 
possible build-up rate. 
The procedure of investigations on the laser melting of 
WC-Co is shown in Figure 4. In the preliminary study [5], the 
exposure parameters were varied in a large process field by 
using one-factor-at-a-time method. The influence of the 
parameters on the result quantities such as relative density, 
roughness, hardness as well as microstructure was inspected. 
In addition to that, spatter formation and powder application 
of the coating system during the building process was 
recorded and analyzed. 
In the main study, the process field was reduced and a 
statistically reliable procedure was developed using Design of 
Experiments for the qualification of materials for the laser 
melting process. The results obtained from parameter studies 
were completed through a measurement of the achieved 
physical and chemical component properties. 
Within the framework of validation experiments, the 
predicted quality features for the optimized factor level 
combinations are verified. With the optimized set of 
parameters, a relative density of up to 99% should be 
achieved. Furthermore, the final microstructure of the carbide 
components is analyzed. 
 
 
Fig. 4. Conduct of investigations on laser melting of WC-Co 
Design of Experiments is an effective and efficient 
methodology for planning, implementing and evaluating 
experiments. A systematic approach based on statistics serves 
to obtain the information in question with the least possible 
effort. The aim of the statistical analysis is to distinguish 
between the influence of the random scattering and the effect 
of the factor level alteration. The (main) effects and 
interactions of the factors (input variables) are calculated and 
significance asserted. The change in the average value of the 
response variables (output variables) over two factor levels is 
designated as an effect. An interaction between two factors is 
present when the effect of one factor is dependent on the 
value of the other factor. The individual factors can be 
analyzed independently when their interactions are not 
significant. If the interactions are however significant, a 
common consideration of the factors is necessary [14, 15]. 
In order to achieve an effective optimization of the process 
parameters and, consequently, improvement of the critical 
quality characteristics, the intensity and direction of the 
respective interaction has to be taken into account: 
x A positive interaction exists when in the case of a change 
from - to + for a factor A, a change from - to + at factor B 
leads to an intensification of the effect. 
x A negative interaction exists when in the case of a change 
from - to + for a factor A, a change from - to + at factor B 
leads to a reduction of the effect. 
For main investigations, a process window is determined 
as illustrated in Figure 5. A variation of the focus position fz, 
laser power PL, scan speed vs, scan line spacing hs and layer 
thickness lz is carried out in the parameter study. The aim is to 
determine the influence of the parameters on the relative 
density ρrel and chemical composition, particularly on the Co-
content of the laser molten carbide specimens. For this 
purpose cuboid formed specimens are generated using 
spherical WC-Co 83-17 powder. The high content of Co 
should minimize the cracking and maximize the density of 
generated parts [5]. The metrological determination of the 
relative density ρrel is carried out using image analysis of 
metallographic grindings in order to obtain secure knowledge 
on this critical quality feature. The energy dispersive x-ray 
spectroscopy analysis is used to determine the chemical 
composition of the ground specimens. 
 
 
Fig. 5. Overview of examined process fields as a function of main 
parameters: laser power PL, scan speed vs and scan line spacing hs 
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3. Experimental results 
3.1. Relative density ρrel 
The changes in the levels of average values can be 
compared qualitatively with each other in the main effect 
diagram (Figure 6). The laser power PL affects the response 
variable ρrel most strongly. In addition, a main effect is present 
in the scanning speed vs, line spacing hs and layer thickness lz. 
The layer thickness lz was analyzed at the usual levels of 
30 μm and 50 μm. With increasing layer thickness, an 
apparent reduction of the relative density can be seen. 
Furthermore, a highly curved function of the laser power PL is 
detected, indicating an optimum in the process window 
applied in the study. 
 
 
Fig. 6. Main effects plot of relative density ρrel of generated specimens 
In the process optimization, significant interactions 
between the factors must be considered. A highly significant 
positive interaction exists between PL and vs as well as vs and 
lz. A negative interaction exists between PL and lz. In the 
interaction diagram, the line segments of the laser power and 
scanning speed deviate particularly strong from parallelism 
(Figure 7). In addition, a weak positive interaction exists 
between PL and hs. 
 
 
Fig. 7. Interaction plot of relative density ρrel of generated specimens 
The interaction of factors can be described in a contour 
diagram. In this diagram, the functional relationship between 
the response ρrel and two factors is represented in two 
dimensions. By means of the contour diagram in Figure 8, the 
process window in which a high relative density is achieved 
can be located. It has become clear in previous presentations 
that a high relative density can be expected from a high laser 
power, a low scanning speed, a small line spacing and a low 
layer thickness. 
 
 
Fig. 8. Contour plots of interacting factors which affect the density ρrel of 
cemented carbide parts 
3.2. Cobalt content 
As a result of the laser based processing of tungsten 
carbide-cobalt material, its original chemical composition 
changes [5]. The question which process parameters have an 
influence on this, has not yet been researched in detail. An 
important indicator for material cohesion is the binder content 
in the cemented carbide. This is detected by energy dispersive 
X-ray spectroscopy on the cross-section polish of each 
specimen and statistically evaluated in this study. 
From the main effect diagram (Figure 9) it can be extracted 
that the laser power PL influences the evaporation of the 
cobalt binder the most. The second largest leverage is caused 
by the scanning speed vs. The curvature of vs at low values is 
physically not clearly explained and is therefore to be 
questioned. 
 
 
Fig. 9. Main effects plot of cobalt content of generated specimens 
In addition, scan line spacing hs and focus position fz 
exhibit a strong interaction while scanning speed vs and focus 
position fz show a weak interaction. As the focus position 
changes from negative to positive values, it leads to an 
increase in the line spacing which reinforces the effect. The 
effect increases between the focus position and the scanning 
speed is not as pronounced. The present interactions can be 
well illustrated by means of the common intersections of the 
line segments in Figure 10. 
A plausible representation of the detected interactions is 
shown in a response surface diagram (Figure 11). In order to 
minimize cobalt evaporation, scanning speed and line spacing 
must be increased and the focus position held in the negative 
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range. However, the required factor level combinations lead 
to an extremely low material density, which is between 
52,6 % and 62,3 % at a layer thickness of 30 μm. 
 
 
Fig. 10. Interaction plot of cobalt content of generated specimens 
There is a clearly pronounced conflict concerning response 
optimization: As a result of the increase in energy density, a 
dense and brittle composite material is generated. If the 
energy input is reduced, substantial porosity and a high cobalt 
content is maintained. 
 
 
Fig. 11. Contour plots of interacting factors which affect the cobalt content of 
cemented carbide parts 
3.3. Porosity and cracks of multilayer structure 
A qualitative comparison of the generated multilayer 
structures (Figure 12) confirms conclusions compiled within 
the statistical evaluation: 
x An increasing in laser power enhances the continuity of the 
melting pool. Individual tracks and layers are seamlessly 
joined together. Cavities are closed, and the porosity 
decreases. 
x A reduction in scanning speed causes an expansion of the 
melting pool and leads to a significant increase in density. 
x With smaller scan line spacing, the degree of overlap of 
individual tracks increases and fewer pores arise in the 
overlapping regions. 
x A variation of the focus position causes no noticeable 
change in the porosity. 
All specimens show a pronounced tendency to crack 
regardless of varying process parameters. In porous structures, 
the single cracks are mostly between the pores. In dense test 
specimens, the cracks run considerably more continuously 
than in porous ones. 
 
 
Fig. 12. Characteristic of porosity and cracks of generated parts by different 
factor levels 
3.4. Material structure 
Parameter variation similarly causes an evident change in 
the microstructure (Figure 13). To sum up, the following 
conclusions can be retained concerning structural analysis: 
x An increase in laser power reinforces the development of 
single melting beads. In this case, penetration of the laser 
beam increases significantly. 
x With increasing scanning speed, a certain inhomogeneity 
can be recorded in the laser melted structure.  
x As a result of reduced line spacing, the number of the 
melting beads increases and the area between individual 
melting tracks decreases. 
x A variation of the focus position causes no noticeable 
change to the carbide structure. 
All carbide specimens, having a dense composite material 
due to sufficiently large volume energy density, possess an 
evident and layered periodic inhomogeneity. Here it concerns 
the molten structures which arise after the cooling of the local 
melting pool (Figure 14). At these points, extremely low 
cobalt content was detected by means of EDX point analysis, 
with a poor amount of 1% at a laser power of 150 W. All 
carbide components in the molten beads accordingly must 
have had a fully liquid state. The temperature of the molten 
pool must have exceeded 2900 °C, since cobalt initially starts 
to evaporate at this value, thus escaping the process zone. 
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Fig. 13. Characteristic of material structure of generated parts by different 
factor levels 
The heat affected zone, clearly marked out through the 
solidification front, is located below the melting pool, where 
crystal-growth processes take place. The WC grains bordering 
the molten beads are the strongest thermally activated ones. 
They start to grow while the molten carbides cool. Due to the 
extremely high cooling gradient, a fine grained acicular 
solidified structure is formed in the molten beads, which 
contains only a small weight percentage of cobalt. This results 
in an enormous material embrittlement. 
A typical sintered structure is generated between the layers 
and the melting tracks. It contains approximately the initial 
amount of cobalt binder. In addition, no changes in the 
carbide grains are visible in the intermediate areas. 
 
 
Fig. 14. Inhomogeneous laser molten carbide structure 
4. Validation of results 
Within the scope of the validation studies, first special tool 
prototypes could be laser molten from carbide powder 
(Figure 15). Special tools are an important subcategory of 
cutting tools, which are often used in industrial production 
processes. Additively manufactured inserts or drills with 
integrated cooling channels have the potential to increase 
productivity enormously. Through internal and conformal 
cooling of the tools, dry machining without cooling lubricants 
is possible. This reduces pollution on the environment as well 
as on the machine operator. In addition, heat accumulations 
can be eliminated from the tool. Cycle period as well as 
warping of the work piece can be diminished. Wear resistance 
and ductility of cemented carbide favor an increased product 
life during machining production. 
 
 
Fig. 15. Laser molten tool prototypes generated of WC/Co 83/17 powder 
The validation studies aim to check the predicted quality 
features for the optimized factor level combinations. The 
results of the validation test are presented in Figure 16. Both 
predicted response variables are clearly within the confidence 
intervals. The estimated regression models for the relative 
density ρrel and the cobalt content thus describe the correlation 
between input and output variables in sufficient 
approximation. 
For the exposure of specimens, two different sets of 
parameters are used. The parameter set used in the inner hatch 
area has been optimized to a high relative density ρrel. Carbide 
specimens have a dense composite material due to a large 
energy input (EV = 1667 J/mm3), but possess an evident and 
layered periodic inhomogeneity. Areas with low cobalt 
content amount with fine grained and needle shaped solidified 
structures are present. In areas with high cobalt content, no 
change in the carbide grains is seen. In addition, crystal 
growth processes take place in the heat affected zones of 
carbides (Figure 17). 
 
 
Fig. 16. Comparison of achieved values with 95% confidence interval 
The outer contour area of the component was exposed with 
a low energy input (EV = 185 J/mm3) in order to sustain the 
toughness of the material and therefore minimize crack 
growth. Thereby a typical sintering micro structure is 
generated. Due to the low energy input as a result of low laser 
power and high scanning speed, mainly liquid phase sintering 
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processes take place there. The original content of cobalt 
binder in the laser-sintered structure remains almost constant. 
In addition, no changes in the carbide grains can be seen. An 
adverse effect however is the distinct porosity in the contour 
area, thus a lower resistance against the permeation is 
available. 
 
 
Fig. 17. Characteristic of the laser molten WC-Co structure in different areas 
5. Conclusion 
Numerous interactions were statistically verified between 
the investigated process parameters. In order to achieve an 
effective optimization of the critical quality characteristics, 
the intensity and direction of the respective 2-factor-
interaction must be considered. A summary of the gained 
findings can be obtained from Table 1. 
A clear conflict between the output variables ρrel and Co 
has been identified. Their optimization directions are opposed 
to each other. This means that either a high relative density 
can been reached by a large energy input (PL, vs, hs and 
lz) or a high cobalt content can be maintained by a low 
energy input (PL, vs and hs). A simultaneous optimization 
of both variables is only possible to a limited extent. 
Table 1. Summary of statistically significant factors and interactions with the 
respective optimization direction  
Model Factor term Relative 
density ρrel 
Cobalt 
content 
Linear PL + - 
 vs - + 
 hs - + 
 lz -  
Quadratic PL · PL -  
 vs · vs  + 
2-factor-interaction fz · vs   
 fz · hs  + 
 PL · vs +  
 PL · hs +  
 PL · lz -  
 vs · lz +  
 
In conclusion, depending on the exposure parameters used, 
various types of micro structures can be generated with laser 
melting: 
x A high energy density EV of 1667 J/mm3 results in 
dynamic remelting and evaporation processes which 
contribute to the development of a coherent and closed 
molten bath in the interaction zone of the laser beam and 
the powder material. Although this results in a high 
relative density, it simultaneously leads to strong 
embrittlement of the processed tungsten carbide material. 
Thermally induced cracks can spread unobstructed through 
the brittle structure. 
x A low energy density EV of 185 J/mm3 leads to unwanted 
residual porosity. The original content of cobalt binder in 
the laser sintered structure remains approximately constant, 
whereby the toughness and thus the resistance to fracture 
or crack growth is preserved. The microstructure exhibits 
an overall homogeneous composite as a result of the liquid 
phase sintering process. 
References 
[1] Zhang, D: Entwicklung des Selective Laser Melting (SLM) für 
Aluminiumwerkstoffe. Berichte aus der Lasertechnik. Aachen, 
Rheinisch-Westfälische Technische Hochschule Aachen, Diss, Aachen: 
Shaker, 2004. 
[2] Bliedtner, J.; Hartmut, M.; Andrea, R.: Lasermaterialbearbeitung: 
Grundlagen - Verfahren - Anwendungen - Beispiele. München, Hanser, 
2013. 
[3] Hügel, H.; Graf, T.: Laser in Fertigung - Strahlquellen, Systeme, 
Fertigungsverfahren. Wiesbaden: Vieweg+Teubner, 2009. 
[4] Poprawe, R.: Lasertechnik für die Fertigung. Grundlagen, Perspektiven 
und Beispiele für den innovativen Ingenieur. Berlin, Heidelberg: 
Springer, 2005. 
[5] Uhlmann, E.; Bergmann, A.; Gridin, W.: Studie zur Verarbeitung von 
Wolframkarbid-Kobalt für die additive Fertigung von innenkonturierten 
Werkzeugen. In: 7. Berliner Runde Neue Konzepte für 
Werkzeugmaschinen 2012. Begleitband. Berlin: Fraunhofer IPK. 2012, 
p. 209–227. 
[6] Kruth, J. P.; Wang, X. C.; Laoui, T.; Froyen, L.: Lasers and materials in 
selec-tive laser sintering. Assembly Automation, The international 
journal of assembly technology and management 23 (2003) 4, p. 357 -
 371. 
[7] Kruth, J.P.; Mercelis, P.; Vaerenbergh, J.V.; Froyen, L.; Rombouts, M.: 
Binding mechanisms in Selective Laser Sintering and Selective Laser 
Melting. Rapid Prototyping Journal 11 (2005) 1, p. 26 - 36. 
[8] Kruth, J. P.; Levy, G.; Klocke, F.; Childs, T. H. C.: Consolidation 
phenomena in laser and powderbed based layered manufacturing. CIRP 
Annals - Manufac-turing Technology 56 (2007) 2, p. 730 - 759. 
[9] Wang, X. C.; Laoui, T.; Bonse, J.; Kruth, J. P.; Lauwers, B.; Froyen, L.: 
Direct Selective Laser Sintering of Hard Metal Powders: Experimental 
Study an Simulation. The International Journal of Advanced 
Manufacturing Technology 19. London: Springer, 2002, p. 351 - 357.  
[10] Kumar, S.: Manufacturing of WC–Co moulds using SLS machine. 
Journal of Materials Processing Technology 209 (2008), S. 3840 - 3848. 
x
y
z
x
y
z
x
y
z
S inter structure
WC grain
growth
M elt structure
H
a
tc
h
a
re
a
H
a
tc
h
a
re
a
C
o
n
to
u
r
a
re
a
5 μm
5 μm
10 μmInvestment material
M olten pool
M elt tracks
25 μm
25 μm
100 μm
C o ×
C o Ø
H eat-affected zone
F ine and acicular solidified
structure:
- remelted WC
- evaporated C o
P ores
C o Ø
C o ×
C o Ø
C o Ø
C o ×
x
y
x
z
x
y
15 Eckart Uhlmann et al. /  Procedia CIRP  35 ( 2015 )  8 – 15 
[11] Gläser, T.: Untersuchungen zum Lasersintern von Wolframkarbid-
Kobalt. Er-gebnisse aus der Produktionstechnik. Hrsg.: Klocke F. 
Aachen: Apprimus, 2010. 
[12] Ott, M.: Multimaterialverarbeitung bei der additiven strahl- und 
pulverbettbasierten Fertigung. München, Technischen Universität 
München, Diss, München: Herbert Utz, 2012. 
[13] N.N.: Generieren und Fügen von SLM-Bauteilen aus Hartmetall. 
Schlussbericht der Forschungsstellen TU Clausthal, Institut für 
Schweißtechnik und Trennende Fertigungsverfahren (ISAF) und BIAS, 
Bremer Institut für angewandte Strahltechnik (BIAS). 2013. 
[14] Back, S.; Weigel, H.: Design for Six Sigma. Kompaktes Wissen. 
Konkrete Umsetzung. Praktische Arbeitshilfen. München: Hanser, 2014. 
[15] Wappis, J.; Jung, B.: Null-Fehler-Management. Umsetzung von Six 
Sigma. München, Wien: Hanser, 2013. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
